With the diversification of the kinds of wireless transmission service, the transmission rate and reliability of wireless communication have been demanded sharply. The shortage of resources of spectrum has become continuously prominent. These are bottlenecks to restrict the development of wireless communication. The current multi-antenna cooperative relay communication system can't sense complex communication scenes agilely, and adjust the strategy of interference suppression according to the signal characteristics adaptively, and optimize the resource of the system dynamically. Moreover, the degree of freedom and transmission system reliability should have been further improved. Aiming at the above problems, this paper extracts the features of the combined signal from different degrees of freedom, considering the influence and effect of the distribution characteristics of the signal on its separability, and signal spatial structure to enhance the ability to adapt to complex environmental interference. It explores multiple interactive cooperative transmission scheduling to optimize the wireless resource dispatching and new network coding jointly, and get a unified multi antenna relay transmission processing standards and to improve the efficiency of information transmission. It carries out theoretical studies of interference coordination algorithms which can acquire higher forwarding efficiency at relay in the view of energy efficiency and spectral efficiency.
I. INTRODUCTION
Due to the broadcast and overlay characteristics of wireless transmission media, interference is the main obstacle to reliable communication in multi-user wireless networks [1] , [2] . Traditional methods suppress interference by providing exclusive access to some wireless resources for each user, such as frequency division multiple access (FDMA) [3] and time division multiple access (TDMA) [4] . Although each user can use part of the wireless resources in the interference free orthogonal access scheme, the performance of this ''cake-cutting'' method is far less than the capacity of the interference network. Therefore, the research of effective interference management schemes is always one of the key problems that researchers need to solve urgently.
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The premise of interference management is to describe interference accurately. Firstly, interference has the basic characteristics of time, frequency and power. Secondly, according to the specific communication technology (such as multi-antenna, multi-beam technology), it may also have new characteristics such as signal space, beamforming, etc. [5] . That is to say, interference has multidimensional characteristics. Although some references [6] , [7] consider multidimensional interference management, they lack accurate mathematical representation of interference. In addition, when analyzing and optimizing the performance of wireless networks, it is often necessary to model interference through abstraction [8] . A comprehensive understanding of interference is the basis of reasonable abstraction. Therefore, aiming at the network heterogeneity, high dynamic and large-scale characteristics of the next generation wireless communication, it is necessary to describe the interference characteristics from multiple perspectives and accurately reconstruct the interference space.
In 2011, Jafar proposed the concept of interference Utilization (IU) [9] . This is a milestone-like contribution in the field of interference management. The basic idea is to make full use of the structural characteristics of interference and compress the interference alignment signal into less signal space by precoding technology at the relay. Thus, the relay has more spatial dimensions to transmit the desired signal. The degree of freedom obtained in K -user interference channel can reach K /2. Due to the excellent performance of IU in interference management, its achievements are emerging in many fields and its research contents are deepening. In recent years, the idea of interference utilization has been deduced and put forward the signal space alignment (SSA) theory suitable for physical layer network coding [10] . The idea of signal space alignment originates from interference utilization technology, but it has a fundamental difference: interference utilization aims at superimposing interference signals to the same spatial dimension as possible to reduce the resource occupied by interference signals in signal space. The network coding based on signal space alignment is a reasonable choice of beamforming precoding vectors. Spatial alignment of the signals of the two users is carried out to facilitate network coding and joint decoding. This theory looks at interference from a new perspective: it does not ''blindly'' suppress interference, but more ''intelligently'' utilizes interference, forming a meaningful flow of information. Through the joint signal design of the source node and the relay node, the interference suppression effect is achieved.
The key problem in establishing the information scheduling of this model is to jointly design the linear processors, including the precoders at user transmitters, the precoder at the relay, and the post-processers at user receivers. This problem was elegantly solved in [11] with the design of user precoders based on the technique of signal space alignment and user post-processers based on uplink downlink symmetry. The traditional feasibility condition for SSA shows that the degrees of freedom (DoF) of K (K − 1) is achieved if M ≥ K − 1, N ≥ K (K − 1) and N < 2M where M is the number of users' antennas and N is relay antennas. The authors in [12] consider the new case N > 2M which has a broader range of dimension constraint compared to the existing SSA schemes. Recently, the authors in [13] propose a generalized signal alignment (GSA) based transmission scheme for MIMO two-way X relay channels. The key is to let the signals to be exchanged between every source node align in a transformed subspace, rather than the direct subspace, at the relay so as to form network-coded signals. Since the user node does not have sufficient DoF, the design of the transmitting precoding vector can not be optimized. The precoding design has greater flexibility when nodes have more antennas. Using the redundant signal space, the authors [14] design a heterogeneous network transmission scheme, which transmits both private signals and common signals. Many authors [15] , [16] have also proposed various schemes for improving system performance using beamforming vector optimization. For the sake of security of system transmission, the conventional physical layer networking in relay channel design the encoding and decoding algorithm so that all K users who take part in an information exchange can decode information from other users using their own self-information as a key.
The main contribution of this paper is to develop a new idea to tackle the joint design of the precoding and postprocessing of the users and the relay. Specifically, we extend the result into the case of a general number of users as K -user MIMO Y channel when N > 2M . It is worth mentioning that SSA is not feasible under the antenna configuration N > 2M . We want to improve the scheme so that the scheme is performed not only at the MAC phase but also at the BC phase in MIMO Y channel. This is realized by jointly designing the precoding matrices at all source nodes and the processing matrix at the relay. Then relay precoder can be constructed using appropriately chosen orthogonal projections. Secondly, the spatial freedom degree redundancy caused by the number of additional antennas can be used to optimize the precoding vectors in the null space of signal alignment. By reconstructing orthogonal intersection subspaces, the distance between modulation symbols is uniformly distributed, and the minimum distance between constellation points is maximized by optimizing vectors selection. Finally, the key idea of the signal space alignment for an encryption message is that all users cooperatively design precoding vectors for transmitting a message so that the relay can receive a proper encoding message chain. Here, the chain is an encrypted message that all users only who take part in the information exchange can resolve even if they all have different keys. We can find many applications of the proposed signaling scenario in wireless networks. For example, information exchange happens among all nodes in Wireless Mesh, Internet of Things, Internet of Vehicles or Ad-Hoc system. Also, in D2D cellular network, the relay locally exchanges the data for co-channel transmission of wireless resource-constrained micro cells.
II. RELAY COOPERATION MODEL
There are K users equipped with multiple antennas intends to convey independent messages for different users via the intermediate relay while receiving independent messages from the other users by spending only two time slots. Each user has M antennas and the relay is equipped with N antennas. There is signal space alignment for network coding and network coding-based interference nulling beamforming in the MIMO Y channel. The former and the latter are employed for the first time slot and for the second time slot, respectively. The key idea of the signal space alignment is to carefully choose the beamforming vectors in such a manner that the two desired signal vectors coming from two users could be aligned to carry out joint detection and encoding for network coding at the receiver of the relay. The network coding-based interference nulling beamforming is a kind of partial multiuser beamforming, which designs the beamforming vector so that selective inter-user interferences are eliminated. In the first time slot, which is called a multiple access channel (MAC), all users simultaneously transmit the signals to the relay which is described by
where v j,i is the M × 1 dimensional precoding vector from node i to node j, and the received signal of relay is:
where H r,i represents the N × M dimensional channel state information matrix from node i to relay. Each entry of the channel matrices H r,i are assumed to be independent and identically distributed (i.i.d) according to CN (0, 1). n r is the noise vector of Additive Gaussian White Noise (AGWN) distribution with covariance σ 2 n I. After receiving, the relay generates new transmitting signals and broadcasts them to all users. This is called broadcast channel (BC) phase. The relay generates broadcast transmission signals as follows:
where v r i is the N × 1 dimensional interference suppression precoding vector and s r i is the alignment signal after relay physical layer network coding. The received signal of the source node i is:
Throughout this paper, it is assumed that perfect channel state information (CSI) is available at all users and the relay in both the transmit and receive phases.
The key idea of signal space alignment for network coding is that the beamforming vectors are chosen so that the two desired signal vectors coming from two users are aligned to jointly perform detection and encoding for network coding at the receiver of the relay. Each user designs the beamforming directions so that two desired signals for network coding should be aligned within the same spatial dimension. In MAC phase, each node chooses the precoding vector v j,i reasonably to shape the beam of the signal, so that the signals interacting between each group of nodes are aligned to the same signal space direction. That is to say, the following conditions should be satisfied:
span(A) denotes the space formed by column vectors of matrix A, and span(A) = span(B) denotes that matrix A and matrix B can be aligned to the same spatial dimension. D ij denotes two intersecting subspaces of a tensed space. According to the null space existence theorem of matrix theory, only when the constraint condition N < 2M is satisfied, the signal space alignment (SSA) of interaction between groups of nodes can be established, as shown in Figure 1 .
Multi-user cooperative relay signal space alignment algorithm is essentially the separation of aligned signals. Constructing separable signal structure and designing corresponding separation methods are the key to realize multi-user co-channel communication in wireless networks. Therefore, this paper digs up the potential of signal spatial dimension, and jointly optimizes interference separation and reliable transmission by studying the influence of signal superposition characteristics, signal spatial structure and distribution characteristics on separability in different degrees of freedom.
III. SPATIAL COMPRESSION OF SIGNAL ALIGNMENT
The existing research results show that DoF upper bound N < 2M can be obtained by the traditional signal space alignment algorithm when the K user relay interference channel satisfies the condition of min {KM , 2N }. However, many typical wireless communication systems, such as LTE, digital trunked system and WIFI uplinks, can easily break through the antenna configuration constraints of existing algorithms, that is, N ≥ 2M . Under these conditions, it is a challenging problem to realize the DoF upper bound and accessibility of the relay interference channel.
Unlike the traditional signal space alignment algorithm, this paper intends to align a pair of signals that need to exchange information not directly to the intersection subspace of relay, but to align a pair of signals to the compressed subspace of relay signal space by introducing the relay compression matrix. The precoding vectors of source nodes are designed jointly, which break through the restriction of antenna number configuration conditions on the scheme. At the same time, the existing research generally designs the precoding matrix of the source node firstly, and then receives the message according to the pre-set mode. The network coding symbols are acquired in the specific mode. Because the maximum reachable DoF set in the receiving mode is limited, the relay compression matrix and the transmit precoding matrix of nodes are designed jointly in this paper.
The J × N (J ≤ N ) dimension matrix P is defined as a full rank compression matrix, and the relay received signal after signal space compression is changed from formula (2) to the followingŷ
After signal space compression, the new signal space alignment condition is changed from formula (5) to
In the process of signal space compression, full rank is needed to calculate v j,i , and the compression matrix P can't impair the reliability of message decoding. B ij represents the intersection subspace of two span spaces. The alignment condition (7) is equivalent to
From the point of view of signal span space, the intersecting subspace after signal compression is
As shown in Figure 2 (a), the intersection subspace of traditional signal space alignment is presented. As shown in Figure 2 (b), when N ≥ 2M , the intersection subspace of span H i,r and span H j,r is ∅ without compression. At the same time, the traditional signal space alignment algorithm is invalid. As shown in Figure 2 (c), only when compression matrix is introduced to properly compress the relay signal space, the intersection subspace of signals is not empty, and the signal space alignment technology can still be adopted. The existence proof of intersecting subspace is one of the key targets of this paper.
A. CONSTRUCTION OF COMPRESSIVE MATRIX P
When a pair of signals are aligned in compressed subspace, the antenna configuration requirements of the system must be satisfied. In order to ensure that the relay has enough freedom to decode the received alignment signals completely independently, the compression ratio r = N /J of the compression matrix can't be arbitrarily chosen. The conditions for realizing the maximum compression ratio need to be studied.
Since each user transmits total (K − 1) independent data streams, the relay receives K (K − 1) independent messages during the MAC phase. This indicates that each user needs M ≥ (K − 1) antennas and relay needs K (K −1) 2 dimensional signal space for containing the received messages by applying the physical network coding. There are K (K −1) 2 messages need to be decoded at the relay, so that we can denotes submatrix by row of P which size is 1 × N . Each submatrix can be thought as a combining vector for the transmitted data streams of source signal pair. We aim to design P i,j to align data streams for source pair (i, j) and cancel the undesired data streams from other sources. We denotē
If all channel matrix elements satisfy independent Gaussian distribution, the probability that the base vectors of the intersection subspace of the equivalent channel matrices PH r,i and PH r,j for one pair of source nodes are located in the intersection subspace of the equivalent channel matrices of the other pair of source nodes is zero. This is the guarantee of relay independent decoding.
B. PROOF OF THE EXISTENCE OF COMPRESSIVE MATRIX P
According to the traditional signal space alignment algorithm and the theory of null space in matrix, the alignment condition PH r,i v j,i = PH r,j v i,j of compressed signal subspace is established if and only if there are enough base vectors in the space formed by P T located in the null space of H r,i −H r,j T for communication pair (i, j). The null space dimension of H r,i −H r,j T is not less than the number of independent streams of communication pair (i, j). Then, the corresponding precoding matrix v j,i and v i,j may exist. The compression matrix P is located in the null space of H r,i −H r,j T , which is one of the key problems in the design.
C. MULTIPLEXING COMPRESSED SUBSPACE IN BC PHASE
Based on the symmetry of channel in MAC phase and BC phase, and with the help of the existing design idea of K -user relay interference channel transmission, the signal space alignment algorithm using the same compression matrix is designed in MAC phase and BC phase. It is expected that the compression matrix and precoding matrix of MAC phase will be multiplexed in BC phase to reduce computational complexity and ensure reliability. The spatial alignment gain and network coding gain are obtained simultaneously. From the point of view of signal subspace spanned by signal space alignment, to suppress interference, BC phase must satisfy span PH i,r ∩ span PH j,r = ∅.
D. RECEIVING EXPECTED DATA
In order to align the compressed space, the null space of matrix PH r,i −PH r,j must satisfy the condition 2M − rank PH r,i −PH r,j ≥ 1 by using formula (8) . The number of compressed alignment signals received by the relay is
Each row of the matrix P can be regarded as P ij which weight vector aligning the data stream. For user pair (i, j), we defineĤ ij = H r,1 · · · H r,i−1 H r,i+1 · · · H r,j−1 H r,j+1 · · · H r,K . In order to better receive expected data while suppressing interference
After compressing the matrix P, the relay will receive the signal space alignment signal without interference. The relay signal to be transmitted after network coding in BC stage is s r = s 1,2 ⊕ s 2,1 · · · s K −1,K ⊕ s K ,K −1 . Similar to the MAC phase, the user receives the signal by designing the precoding vector w i,j . In order to receive the desired signal with w i,j and suppress the signal interference with P, w H j,i H i,r P H = w H i,j H j,r P H must be satisfied. Therefore, the K − 1 independent information stream sent by other K − 1 users will be correctly received by specific user, while K (K −1) 2 − (K − 1) interference signals will be effectively suppressed.
IV. SIGNAL SPACE ALIGNMENT DIRECTION RECONSTRUCTION
According to K. Lee's research conclusion [17] , the existing feasible configuration condition of SSA algorithm must satisfy M ≥ K − 1, N ≥ K (K − 1)/2 and N < 2M . Taking Three-user MIMO-Y relay channel as an example, each user node is equipped with two antennas, and the relay is equipped with three antennas. Formula (2) can be transformed from Formula (5) as following:
where s ij denotes the sum of s i,j and s j,i , i.e. s ij = s i,j + s j,i . D ij represents three aligned spatial directions, and its modulus can also be regarded as the equivalent channel gain of aligned signal s ij . According to the current feasible configuration conditions, only the unique solution can be obtained by solving formula (5) . That is, the direction of the three alignment signals is fixed. Existing algorithms aim at emphasizing the construction of spatial alignment dimension of interactive signals. There is less consideration of the correlation between different alignment dimensions in signal space, and lack of joint design of signal alignment dimension. Due to fixed selection D 12 , D 13 and D 23 , the Euclidean distance between the nearest aligned signals in the three-dimensional (3D) signal space of the relay depends heavily on channel gain. The bit error rate (BER) performance of the system is determined by the minimum Euclidean distance between alignment signals, while the distance in the original SSA scheme can't be dynamically adjusted.
This problem can be seen from Figure 3 (a), assuming that the relay receives the ternary symbolic coordinates {−2, 0, 2} when the user node uses BPSK. As shown in Figure 3 (b), 3 3 = 27 possible symbols are received at the relay. Only their coordinates are displayed in a similar way as QPSK: Quaternion symbols can be decoded by the coordinate distribution of BPSK along the same phase and orthogonal components (corresponding to D 12 , D 13 and D 23 ) similar to QPSK. The main difference here is that the in-phase and orthogonal directions of QPSK modulation are orthogonal, while in the original SSA scheme, the direction D 12 , D 13 and D 23 are non-orthogonal. Another difference is the modulus |D 12 |, |D 13 | and |D 23 |, which are not always equal. So, the minimum Euclidean distances of different alignment signals are different. Therefore, the BER performance is determined by the minimum Euclidean distance between constellation points when the average BER is calculated in Rayleigh channel. This shows that in the original SSA scheme, we did not make full use of the alignment direction selection gain to improve power efficiency.
In original SSA schemes, ZF (Zero Forcing), MMSE (Minimum Mean Square Error) or ML (Maximum Likelihood) decoders are often used to decode aligned network coded signals. In the MAC phase of the 3-D received signal in formula (10), three ternary alignment signals s 12 , s 13 and s 23 are judged in the energy range of (±2, 0), and the three ternary alignment signals are determined. In this case, ML decoding is equivalent to solving the minimum Euclidean distance between 3 3 = 27 received signals in 3D space ideal points, and the location is determined by coordinates (±2, 0) |D 12 |, (±2, 0) |D 13 | and (±2, 0) |D 23 |. However, obtaining the received signal coordinates and using Voronoi region for ML decoding is not feasible in the original SSA scheme, because the decision rules are very complex and 27 Euclidean distances need to be evaluated in 3D. Although in ZF method, the desired signal can be recovered simply by inversion of matrix [D 12 |D 13 |D 23 ] and multiplying the received vector. It should be emphasized that this method also enlarges the noise simultaneously. In general, ML provides better performance than ZF decoding (gain increases by 13 dB when BER is 10 −3 ), but requires higher computational complexity.
In this paper, we attempt to use optimized ML receivers to build hypercube constellations and compensate performance loss using redundant antennas. Specifically, as shown in Fig. 3 (c) , ML decoding at the relay is simplified by imposing orthogonality constraints, and only the received signal is projected along three orthogonal directions D 12 , D 13 and D 23 to slice. In 2D, this corresponds to interpreting quadrature amplitude modulation (QAM) or QPSK decoding as pulse amplitude modulation (PAM) decoding along the orthogonal I and Q direction. In Fig. 4 , left bit and right bit represent information bits from user i and user j, respectively. There are four combinations. Among them, 01 and 10 have the same alignment (superposition) signal when decoding constellations. The redefined constellation (blue bit) of the superposition signal received by relay after physical layer network coding (PLNC) is still BPSK signal.
When three users transmit signals, each user pair follows the above mapping and decoding idea. The received signal can be represented by three orthogonal coordinate axes in a 3D space, and the signal can be decoded into three bits. Each bit is determined by the projection of the signal on a coordinate axis. According to the distance between the projection coordinates and the two possible points in the dimension, the nearest point is selected as the decoding bit. Then, the transmission signal is determined according to the selected bit. As shown in Figure 4 , different color bits represent coded signals aligned in different directions. By projecting the coded signal received by relay to the orthogonal coordinate axis, the number of Euclidean distances calculated by ML decoding can be reduced from 27 to 8, which is equivalent to decoding hypercube signals. The process is shown in Figure 3 (d) .
If the number of user node antennas increases from two to three, the constraint condition of alignment signal dimension required by SSA in formula (5) makes two independent precoding vectors exist in 3D space. The combined optimization of precoding vectors (or equivalent signal dimensions) using the generated extra degrees of freedom is beneficial to improve BER compared with ZF, and simplifies the decoding process compared with ML. Specifically, taking three users as an example, the signal dimension constraints of the proposed orthogonal signal alignment scheme are as follows:
In order to reconstruct orthogonal intersection subspace, K users must increase the number of node antennas to increase additional signal space freedom. After the relay receives the alignment coded signal, K × (K − 1)/2 alignment directions D ij |i < j will be generated in the relay signal space. In order to have enough null space to reconstruct orthogonal intersecting subspaces, the following condition must be satisfied:
At this time, all alignment directions D ij |i < j can be optimized in the null space of K × (K − 1)/2 dimension, and the reconstruction criterion is as follows.
This paper compares the characteristics of the constellation of space-aligned relay coded symbols between traditional SSA and orthogonal SSA. As it can be seen from Fig. 5 , the Euclidean distances between different coded symbols in the constellation are very close. Because of the fluctuation of constellation points caused by noise interference, the possibility of error decoding is very high. When the user nodes have redundant antennas, the system reliability can be further improved by using antenna selection technology [18] and introducing more degrees of freedom.
In this paper, we focus our attention on the Euclidean distance based on antenna subset selection, which can achieve selection gain. Let M s (≥ 1) out of M transmit antennas be selected for achieving the selection gain. Let ϒ = I j n j=1 VOLUME 7, 2019 { min
Where H I r,i ∈ C N ×M s has M s columns given by I. The BER performance is determined by the minimum Euclidean distance between constellation points when the average BER is calculated in Rayleigh channel. This shows that in the proposed scheme make full use of the alignment direction selection gain to improve power efficiency.
As it can be seen from Fig. 6 , assuming that after orthogonal alignment, the distance between constellation points of different coded symbols increases significantly. The larger constellation distance of different coded symbols can ensure decoding accuracy and improve system performance. Although the distance between constellation points of the same coding symbol is relatively close, according to the decoding principle of physical layer network coding, each user node can decode the desired signal accurately by using its own transmitted information as side information. It does not weaken the decoding accuracy of the system.
A. ADAPTIVE POWER ALLOCATION
According to (10), we deduce
So, we can transform the first equation in (14) into v 2,1 v 1, 2 = null H r,1 −H r,2 . H r,1 −H r,2 is a 3 × 6 matrix which has 3 dimensions null space. Other equations are similar. These three dimensions are the orthogonal basis obtained from the singular value decomposition for the null space. we cannot decide which vector in this null space is the best choice because in the proposed algorithm, the first selected aligned dimension will have influence on the other vectors. In 3 dimensions null space, the earlier the aligned dimension is determined, the greater the selection gain will be. Due to the sequence of steps when solving the equation sets, the average powers of D 12 , D 13 and D 23 show difference. Hence, the performance of user pairs on different dimensions appears to be unbalanced.
The power allocation factor is designed for the precoding vector, and the power allocation factor of the precoding vector is adjusted according to the channel distribution characteristics of the user. In order to enlarge the minimum Euclidean distance between constellation points of coded symbols, the power allocation factor p ij should satisfy v i,j = arg max min p ij D ij 2 . The different generating sequences of signal space alignment conditional equations are solved by iterative method to overcome the unbalanced power distribution in alignment direction caused by different execution sequence. max(d · 1) , d ∈ D k , where 1 is a column vector of K (K − 1) × 1 dimensional with elements of 1.
V. MULTI-INTERACTIVE COOPERATIVE TRANSMISSION SCHEDULING
In view of the complex information exchange scenarios in various wireless communication systems [19] , we propose to use message flow graphs to characterize the information exchange among different DoF of users in MIMO multiway relay channels. Each node in the message flow graph represents a user, and each directed edge indicates that the tail node sends a message to the head node. The weight on the edge represents the DoF of the message. When the weight is zero, the directed edge is omitted. The purpose of introducing message flow graph is to abstract any complex information exchange scenario (including symmetric and asymmetric) based on MIMO multi-way relay into the form of directed graph for unified structural analysis.
Taking the four-user relay interference channel as an example, suppose a DoF tuple d = (3, 0, 0, 1, 2, 1, 1, 1, 0, 1, 0, 0) . The number of relay antennas is N = 6, and the message flow chart of information exchange among users are shown in Fig. 7 (a) . If we observe the information exchange of DoF = 1 between users 1 to 2, 2 to 4, 4 to 1, it can form a closed loop 1 → 2 → 4 → 1. If the number of different nodes in the closed loop is defined as the length of the loop, then the length of this loop is 3. Closed-loop 1 → 2 → 1 and 2 → 3 → 2 of DoF = 1 with length of 2 can also be found between user 1 and 2 or between user 2 and 3. As it can be seen from Fig. 7 (b) and (c), there are two closedloop 1 → 2 → 1 and 2 → 3 → 2 of length 2 and two closed-loop 1 → 2 → 3 → 1 and 1 → 2 → 4 → 1 of length 3 in this case. Generally, for K -user MIMO relay channel, there may be closed loop from length 2 to length K (1 → 2 → · · · → K → 1). For the closed loop with L length, the adjacent nodes in the loop are aligned separately, and the L − 1 spatial dimension is required for alignment.
The traditional method is used to transform the relay interference channel into MIMO point-to-point channel. The upper bound of DoF is a consistent representation of the outer bound characteristics of DoF domain. DoF domain D k needs to satisfies:
where p is an arbitrary arrangement of (1, . . . K ). p i denotes its i-th element, and d p i p j denotes the number of independent streams of messages sent by user p i to user p j through relay. In order to describe it more concisely, the general situation of three users is taken as an example. The DoF domain D 3 of three users is represented by formula (15) as
That is, the DOF of message exchange from p 1 to p 2 , p 1 to p 3 , p 2 to p 3 is constrained by its feasibility conditions. The corresponding message flow diagram is shown in Fig. 8 .
Assuming that one of the certain arrangements of p is (1, 2, 3) , it can be seen from Fig. 8 that there are no loops = (1, 1, 0, 1, 0, 0) , and the upper bound of DoF can be expressed as d 12 + d 13 + d 23 = 3. If d 31 is replaced by d 13 , a closed-loop 1 → 2 → 3 → 1. The tuple is d = (1, 0, 0, 1, 1, 0 
B. TWO-LOOP TRANSMISSION
Two-loop strategy is used to solve the problems of the two loops. The utilization of relay space can be improved by aligning the signals of user 1 and 2 to the one-dimensional space of relay using signal space alignment algorithm. When the 1 → 2 → 1 and 2 → 3 → 2 transmission are completed by the above methods, the remaining DoF tuples becomê d = (d 12 − d 21 , 0, 0, 0, d 23 − d 32 , d 24 , d 31 , 0, 0, d 41 , 0, 0). Although two-loop transmission reduces two-dimensional space, it is still impossible to obtain d.
C. MULTI-LOOP TRANSMISSION
The multi-loop strategy can transmit a three-loop signal by multi-way relay transmission, which saves one-dimensional space compared with the one-way strategy. By combining two-loop transmission and multi-loop transmission, the space dimension required by the transmission system should satisfy the formula (15) . The DoF upper bound can be obtained only if the initial tuple d can be equivalent to a loop-free message flow graph after loop elimination. Therefore, the essence of the optimal transmission strategy for K user multi-way relay channel is to design how to eliminate the loop reasonably. It is also inspired from the above description on transmission strategy of loop planning. For multicast transmission model of multi-user relay channel, network coding symbols in the form of closed-loop can also be constructed. Suppose user i sends multicast signal s i to all other users {1, . . . , K } {i}, and receives independent signals from other K − 1 users through relay. In this case, the spatial alignment superimposed signal received by relay contains the desired signal from other nodes.
If each user is designed to send two independent duplicated multicast signals, that is, user i generates signals in the form of diversity transmission: x i = v 1 i s i +v 2 i s i . Two multicast signals are aligned with the multicast signals of the adjacent user after beamforming the spatial beams. Specifically, the second signal of user i − 1 and the first signal of user i are aligned in signal space. The second signal of user i and the first signal of user i+1 are aligned in signal space. That is, the alignment condition of user i is:
After the above processing, the original 2 * K independent data stream is spatially aligned to form a novel network coding chain structure, which has closed-loop feature.
where ⊕ represents XOR operation. In BC phase, the relay broadcast the network coding chain symbol to all users. Each user node only needs to satisfy a simple ZF decoding algorithm, and the node can decode all the signals in the coding chain. Each signal in the encoding chain is superimposed signal after physical layer network coding. Because it is multicast transmission, each encoding signal in the encoding chain contains expected information. So, there is no need for interference suppression and interference cancellation operation when the relay forwarding.
The idea of the signal space alignment for an encryption message is that all users cooperatively choose the precoding vectors to transmit the message so that the relay can receive a proper encryption message with a special structure, network code chain structure. From the decoding process, since the network coding chain has a closed-loop, it can be decoded from any node in the closed-loop. Only the users who participate in the communication can decode the physical layer network with their side information s i as the ''key''. Even if illegal users eavesdrop the relay broadcasting signal, they can't get the desired signal from the superimposed signal. The side information of each user is like the ''Private Key'' in public key cryptosystem. Using side information, the desired signals of all superimposed signals in the closed loop can be decoded in turn. In the decoding process, each user does not need to exchange '' Private Key '', and '' Private Key '' of each user node is different from each other. All these features improve the security of system transmission.
The length of encoding chain is K when K user transmits. As long as any K − 1 superimposed signals in the broadcast signal are decoded, all the desired signals can be recovered. The decoding process of user 1 in four-user transmission system is taken as an example, as shown in Fig. 9 . User 1 uses the signal s 1 sent by itself in MAC as the ''Private Key'', and can get the signal of user 2 through s 2 = (s 1 ⊕ s 2 ) ⊕ s 1 . According to s 2 , the signal s 3 of user 3 can be obtained by the same way. And so on, all the signals of the desired users can be obtained.
The core of the algorithm design is to align the signal space among users to form a network coding chain. How to reduce the number of signal space alignment and independent data streams is the key. The goal is to achieve an effective compromise between system capacity and freedom. Compared with the traditional MIMO-Y channel SSA scheme, the alignment number decreases from K (K − 1)/2 to K when the number of users is K . The performance improvement of this method is more significant when the number of users is larger.
VI. SIMULATION AND ANALYSIS
Firstly, we discuss the performance of the compression subspace signal alignment algorithm. For comparison, we use the traditional signal space alignment scheme and the proposed scheme in this paper to compare the performance of the degree of freedom. The scheme proposed in this paper can be extended to include d independent data streams in each sending message, which can greatly improve the efficiency of data transmission. In the relay transmission network, each user has M = d(K − 1) antennas and sends d(K − 1) independent data streams to other K − 1 users. When the relay has N ≥ d(K 2 − 3K + 3) antennas, the signal space can be compressed to dK (K −1) 2 dimension. The compression matrix P is designed to exchange data in the transformed signal subspace.
We assume that the entries of the true channels H i,j and the channel estimates available at the transmitter sideĤ i,j are CN 0, σ 2 e . The following channel uncertainty model is considered [20] :
where E i,j is the estimation error that is uncorrelated with H i,j , the entries of E i,j are i.i.d zero-mean complex Gaussian with unity variance. The correlation coefficient ρ between the actual channel gain and its estimate, which is assumed to be the same for all gains, is given by
where h i,j ,ĥ i,j represent the (i, j) th element of H i,j andĤ i,j respectively. In the presence of channel estimation error, the post-processing SNR per symbol of the k th stream can be expressed as . Sum rate represents the characteristic of channel capacity for simulation when the number of users and the number of independent streams of signals are changing. As it can be seen from Figure 10 , the slope of the curve increases with the increase of the number of users. At the same time, the same effect can be achieved by increasing the number of user independent streams. The slope of the curve represents the degree of freedom. It can be seen from this figure that the increase of the number of users and independent streams can raise the degree of freedom of the system and improve the transmission efficiency of the system.
The slope of the curve represents the degree of freedom and the ability to exchange data per unit time. As it can be seen from Figure 11 , with the increase of the number of users, the degrees of freedom of the three comparison schemes have been improved. The curves of the three schemes are parallel to each other when the number of users remains constant. This shows that the three schemes can obtain the same degree of freedom K (K − 1). However, the proposed scheme has the best performance. This is mainly because the traditional scheme must satisfy 2M > N . In order to achieve better performance, users must have more antennas, which is difficult to achieve in practical engineering applications. A better way is that users have fewer antennas, while relays have more antennas. The scheme proposed in this paper breaks through the above constraints and has more practical significance. By configuring more antennas in relay, we select the most suitable J antennas for data transmission. Because of the antenna selection gain, our algorithm can achieve better performance.
The BER performance of the system is determined by the minimum Euclidean distance between alignment signals, while the distance in the original SSA scheme can't be dynamically adjusted. The alignment direction reconstruction algorithm proposed in this paper can dynamically adjust the alignment direction to maximize the minimum Euclidean distance of decoding.
In this paper, we attempt to use optimized ML receivers to build hypercube constellations and compensate performance loss using redundant antennas. Among K ×(K −1) 2 subchannels, the selection of optimal sub-channel index that maximizes the minimum constellation points distance (CPD) in constellation is obtained as [21] : where = 1, 2, . . . , K (K − 1) 2 and e j is column vector of length K (K − 1) 2 with all zero elements except j th position. Let L = {i}
represent the index of sub-channels and C = e j s|s ∈ s, j ∈ . Defining C = z i − z j |z i , z j ∈ C, z i = z j as the set of difference vectors corresponding to the codebook C, the difference matrix can be defined as X = x 1 , . . . , x K (K −1) / 2 |x k ∈ C, ∀k ∈ 1, . . . , K (K − 1) 2 . Let r = min {rank (X)}. The average pairwise error probability (PEP) between any two different sub-channels indexed by l 1 and l 2 in the codebook can be expressed as 
where λ * = min λ XX H denotes the smallest non-zero eigenvalue of matrix. Specifically, as shown in Fig. 12 , ML decoding at the relay is simplified by imposing orthogonality constraints, and only the received signal is projected along orthogonal directions. ML provides better performance than Ref. [10] and ZF decoding (gain increases by 6 dB when BER is 10 −1 ). However, obtaining the received signal coordinates and using Voronoi region for ML decoding is not feasible in the original SSA scheme, because the decision rules are very complex. The bottleneck of system performance is the transmission quality in the worst alignment dimension. Choosing the best precoding vector from the spatial freedom to the worst pair of users can improve the transmission performance more obviously. If the sequence of solution is chosen randomly, it means that the probability of each user having better or worse transmission performance is equal. Only the worst performance is improved and the overall performance of the system will increase. This conclusion can be verified by simulation results.
As described in [11] , the alignment direction solution of signal space alignment scheme can be achieved by using the same intersection subspace constituted by column space of channel matrices for each user pair. We can find the dimension of intersection subspace by equivalently calculating the nullity. Thus, the computational complexity is mainly decided Unlike the traditional SSA, the proposed scheme is required for a joint design of relay precoding and source precoding to the optimized signal space dimension, where the design of relay precoding is an iterations problem, and the design of source precoding is a quadratically constrained quadratic program problem. Since the convexity of it can be ensured, it can be efficiently by using the interior-point method, and its computational complexity can be estimated as O(L 3.5 ). The computational complexity is mainly decided by SVD calculation, the proposed scheme can achieve better BER performance in high-SNR region with little more computational complexity. Such a slight increase in complexity is insignificant. The proposed scheme, with power optimization and antenna selection gain, achieves a better tradeoff between efficiency and complexity.
The modulus |D 12 |, |D 13 | and |D 23 |, which are not always equal. So, the minimum Euclidean distances of different alignment signals are different. Therefore, the BER performance is determined by the minimum Euclidean distance between constellation points when the average BER is calculated in Rayleigh channel. This shows in Fig. 13 that in the original SSA scheme, we did not make full use of the alignment direction selection gain to improve decoding accuracy. The alignment direction of user pair 12 can be selected from the whole signal space, which has the maximum selection gain and the best performance. User pair 23 can only choose the remaining signal space uniquely, so the performance is the worst. Traditional SSA can't give full play to its advantages due to random selection. The user pair with the worst channel state should be chosen priority in the alignment direction to achieve the overall balance of system performance.
This proposed algorithm of cooperative transmission uses the idea of loop programing design, which can reduce the antenna number requirement of each user node. From the point of view of the number of antennas in the transmission system, in order to achieve the same degree of freedom as the algorithm [10] , the number of antennas of users and relay node should meet the requirements shown in Table 1 .
C proposed denotes the total number of antennas required for data exchange in the transmission system based on the loop programing scheme. C [10] denotes the total number of antennas required for data exchange in the transmission system based on the grouped alignment scheme. For the same degree of freedom, the cooperative transmission scheme proposed in this paper requires fewer antennas. In order to reduce the number of antennas, the idea of loop multicast signal processing should be established for cooperative transmission based on relay. If it can form a circular information interaction model, we must try not to use point-to-point transmission. For multicast transmission model of multi-user relay channel, network coding symbols in the form of closed-loop can be constructed. The optimal transmission strategy in DoF domain of relay interference channel is that there is no closed loop in the message flow graph.
VII. CONCLUSION
This paper focuses on improving the interference utilization and interference management capability of MIMO multi-way relay cooperative communication system. With the study of the influence of superimposed signal characteristics extraction and signal distribution characteristics of different degrees of freedom on signal separability, we optimize the transmission algorithm through signal space alignment. It can enhance the algorithm to complex interference communication field. By exploring the potential of signal space structure, the joint optimal design of wireless resource scheduling and new network coding is realized. Design a unified multi-antenna relay cooperative transmission processing principle to improve the efficiency of information transmission. To improve the energy efficiency and spectrum efficiency, we develop the interference coordination theory with high energy efficiency and spectrum efficiency. In order to further improve the efficiency of relay forwarding, this paper analyses and realizes the adaptive adjustment of signal transmission strategy according to the changes of communication scenarios.
Finally, the basic theory of multi-way relay cooperative transmission based on joint design of nodes is proposed.
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